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Abstract
Temperatures at the distal end of the tip in ultrasonic surgical instruments are of interest because this is the applied part to a
patient. It is diﬃcult to directly measure these temperatures using contacting temperature sensors due to high vibration levels.
Non-contact infrared (IR) thermography could be an important tool to experimentally determine the tip temperature. However, the
low emissivity and polished cylindrical geometry of the tips complicate accurate IR thermography. In this study, we use Cr2O3
high emissivity paint to coat the tip for increased accuracy in IR measurements. Temperature measurements are consistent with
heat generation models based on mechanical quality factor of about 5000 for the titanium tip material. It was found that no heat
is generated at the tip distal end where strain is low. Air cooling by aspiration is eﬀective at keeping tip distal end temperatures at
near ambient levels even with heat transfer by conduction from warmer parts of the tip.
c© 2014 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the Ultrasonic Industry Association.
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1. Introduction
An ultrasonic surgical aspirator consists of a piezoelectric or magnetostrictive transducer that powers a resonant
system which ampliﬁes the motion of the transducer to large amplitude vibration at the distal end of the instrument
called the tip. These high-power ultrasonic surgical instruments have found widespread clinical applications for many
decades starting with a system for removing dental plaques in 1947 (Jallo, 2001). However, detailed theoretical
understanding of the functional mechanisms of tissue fragmentation is still incomplete (ODaly et al., 2008).
One important physical parameter for better understanding of operating principles is the temperature of the instru-
ment. Temperatures at the tip have to be kept low as this is the portion of the instrument that comes in direct contact
with the tissue. Multiple complex phenomena are at play to determine the temperatures at the tip region. These
include heat generation due to mechanical stress-cycling, heat transfer due to forced convection, heat transfer due to
radiation, and heat transfer due to conduction to other parts of the device (Fig. 1). In this study, we attempt to identify
the major contributions and compare models to experimental measurements. IR thermography was used to measure
temperatures on diﬀerent parts of the surgical tip during high amplitude ultrasonic vibrations.
It is diﬃcult to directly measure temperatures at the tip using contacting temperature sensors because the act of
attaching the sensor changes the resonant properties. In addition, the high accelerations introduced due to the high
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Fig. 1. Sketch showing diﬀerent regions within the ultrasonic surgical tip and mechanisms of heat generation and loss. Based on our results, we
postulate that mechanical hysteresis and convective heat lost to aspiration are major contributors to operating temperature at the tip.
frequency vibrations tend to detach the sensors or to damage them. IR thermography can be an important tool to
experimentally determine the tip temperatures. However, the low emissivity and polished cylindrical geometry of
the tips complicate accurate IR thermography (Minkina and Sebastian, 2009). Here we use high emissivity paint to
overcome these problems and show that accurate temperature measurements are feasible.
2. Materials and methods
Prototype tips made of titanium alloy (Ti-6Al-4V) were coated with Chromium-oxide (Cr2O3 Aerosol, ZYP Coat-
ings, Inc., USA) to increase infrared emissivity to near unity. A thermographic camera (ThermaCAM P45HSV, FLIR
Systems, Inc., USA) was used to capture thermal images of the tip. Thermocouples were used to verify temperature
measurements on stationary tips.
COMSOL ﬁnite element modeling software (COMSOL Inc., Burlington, MA, USA) was used to model strain
energy density, u(x, y, z) at diﬀerent portions of the tip during resonant vibration. Strain energy density was related to
heat generation during vibration (Uchino and Giniewicz, 2003; Wuchinich, 2004):
dq
dt
=
2π f
Q
u(x, y, z) (1)
where f ,Q and dq/dt are the frequency of vibration, mechanical quality factor of the material, and rate of heat
generation per unit volume respectively. More details are provided in Appendix A.
The coated surgical tip was set to vibration at its resonant frequency of 23 kHz at controlled amplitudes using
a prototype control system. Temperatures were measured using IR thermography along the tip length at short time
intervals at diﬀerent amplitudes of vibration and, varied irrigation and aspiration levels.
3. Results
IR measurements on high emissivity paint coated tips agreed with thermocouple measurements to within 1 ◦C in
the temperature range of 20 ◦C to 40 ◦C. Though the paint occasionally chipped oﬀ at high vibration regions and
during cavitation at the tip, there was enough paint remaining to carry out the investigation (Fig. 2a).
Finite element calculations showed heat generation to be highest at the mid and proximal sections of the tip (Fig.
2b). Using a mechanical Q value of 5000 to 20000 reported in Wuchinich (2004) for large amplitude ultrasonic
vibrations in Ti-6Al-4V titanium alloy, the expected temperature rise at turn-on agreed in the order of magnitude with
IR measurements at the highest strain-energy region of the tip with no irrigation and aspiration cooling (Fig. 3).
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Fig. 2. (a) Temperature image of developmental tip vibrating at 71 μm zero-to-peak stroke for 2 min., without irrigation and aspiration cooling. On
the right is a visible-light still image of the tip for comparison. Note that the Cr2O3 paint has chipped oﬀ in high strain regions of the tip. (b) Finite
element simulation showing displacement, stress and strain energy density in a developmental tip for 71 μm zero-to-peak stroke at tip distal end.
Fig. 3. Temperatures at diﬀerent locations on developmental tip vibrating with 71 μm zero-to-peak stroke, as a function of time, at diﬀerent
aspiration levels without irrigation cooling. The level “100% aspiration” corresponds to ﬂow due to 350 mmHg (about half atmosphere) pressure
at 0.9 m from the proximal end of the aspiration channel.
Temperature rise at the distal end of the tip was not observed when minimal aspiration cooling was present. In-
creased aspiration rates resulted in cooling slightly below starting ambient temperatures (Figs. 3 and 4a).
When 3 ml/min irrigation was also used for cooling, at high amplitudes, the temperature of the irrigation ﬂuid,
distilled water in this case, was elevated above starting temperatures. The tip temperature itself did not rise (Fig. 4b).
4. Discussion and conclusions
Loss mechanisms, or damping in vibrating metals is believed to be due to internal friction which manifests as a
hysteresis eﬀect in the stress strain curve. Other loss mechanisms are external, e.g. due to interaction with viscous
ﬂuids on the surfaces or loss at joints between solid parts (Adhikari, 2000; Colakoglu and Jerina, 2003). In our case,
we can simplify initial treatment of the problem by removing irrigating liquid to eliminate viscous damping, as is done
in the data reported in Fig. 4a. The portion of the horn that we are investigating is made of a single piece of titanium,
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Fig. 4. (a) Maximum temperature rise of developmental tip vibrating at 71 μm zero-to-peak stroke with diﬀerent aspiration levels. Irrigation
cooling was not used. (b) IR images after maximal temperatures were reached at distal end of developmental tip vibrating at 0 μm to 178 μm
zero-to-peak stroke, with 100% aspiration and 3 ml/min irrigation cooling. A soft polymer ﬂue is present in these experiments to deliver irrigation.
A visible-light photograph of the tip with ﬂue is shown to the left for comparison.
which avoids the complication of loss at joints. Peters (2003) points to the common observation that even this simpler
case of internal friction can be mathematically complex due to common non-linear eﬀects where damping depends on
amplitude and frequency of vibration. In this paper, we take an initially simple approach of calculating temperature
rise assuming linearity at least near the amplitudes and frequencies being investigated. This is also the approach taken
by Wuchinich (2004). Using this approach, the mechanical quality factor of a material and strain energy density in
vibration can be linked as elucidated in Appendix A.
The calculations in Appendix A point to a maximum heat rise of 23 ◦C/min at the mid-section of the tip where
strain is highest. This is consistent with the initial rise seen in Fig. 3. After about 30 seconds, the temperature rise
slows greatly, which is understandable as heat transfer rates increase with the developed temperature gradient. The
pattern of temperatures seen in the IR images of the tip in Fig. 2a supports this conclusion.
Temperatures at the distal section of the tip are manageable with a minimal air-cooling arrangement during qui-
escent operation. In typical operation, the instruments are operated with both liquid cooling in the form of irrigation
and high air-ﬂow due to aspiration. These two cooling mechanisms are adequate to counteract the heat generated due
to mechanical hysteresis. At high amplitude motion, the temperature of the irrigation liquid increases to about 30 ◦C
(starting at about 22 ◦C). We hypothesize that this is either due to (1) viscous damping of acoustic waves within the
liquid ﬁlm between the vibrating tip and polymer ﬂue, or (2) heat transfer from the higher temperature mid-section
of the tip. Further modeling of heat transfer mechanisms is needed to discriminate one eﬀect or determine combined
contribution. Heat is not generated during quiescent operation at the distal end of the tip, but the temperature at this
region can rise due to conduction and convection of heat from the mid and proximal sections of the tip. Temperatures
at the tip can be managed with adequate cooling. At higher vibration conditions, the distal end temperature even
decreases slightly (Fig. 4b). We hypothesize that this is due to loss of energy to misting, akin to evaporative cooling.
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Appendix A. Rate of heat generation related to strain energy density
Consider a metal undergoing repeated tensile and contractile strain due to vibration. In a linear model, the stress, σ
and strain, ε are related by the elastic modulus, E: σ = Eε. The energy stored per unit volume, strain energy density,
during each deformation is the area under the stress-strain curve:
u =
σε
2
=
1
2
Eε2 (A.1)
A portion of this energy is lost to internal friction during each cycle. This can be represented by a quality factor
Q, which is deﬁned as 2π times the ratio of peak energy in vibration to the energy lost in friction per cycle (Peters,
2003). If all the energy lost is converted to heat, heat generated per cycle per unit volume is:
qcycle =
2π
Q
u (A.2)
There are f cycles per unit time, where f is the frequency of vibration. Multiplying by f , Eq. 1 is derived – heat
generated per unit time per unit volume is:
dq
dt
= = f qcycle =
2π f
Q
u (A.3)
For a given material with density, ρ and speciﬁc heat capacity, c, the rate of temperature rise in a given volume
with constant peak strain energy density, u, assuming no heat loss to heat transport processes, is:
dT
dt
=
1
ρc
dq
dt
=
2π f
ρcQ
u (A.4)
The condition of no heat loss due to conduction, convection or radiation, is very brieﬂy true when the device is turned
on, as the system is in thermal equilibrium with surroundings and there is little temperature gradient to support heat
transfer. However, very soon, a thermal gradient is established and heat loss becomes signiﬁcant, limiting temperature
rise.
In a resonating system, the strain is proportional to the amplitude of vibration and the strain energy density is
proportional to the square of the strain. For titanium 6Al-4V, typical reported values for density, and heat capacity are
(ASMMaterials for Medical Devices Database Committee, 2009): ρ = 4430 kg/m3, and c = 575 J/(kg·K) respectively.
For the ﬁnite element study in Fig. 2b, the peak strain energy density is u = 3.43×104 J/m3 for a stroke of 71 μm zero-
to-peak vibration at the tip distal end. This is the stroke at which experiments were performed and results reported in
Fig. 2a, Fig. 3 and Fig. 4. Substituting back to Eq. A.4, using Q = 5 × 103, dT/dt = 0.39 ◦C/s = 23.4 ◦C/min.
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